Repair of cartilage injury with hyaline cartilage continues to be a challenging clinical problem. Because of the limited number of chondrocytes in vivo, coupled with in vitro de-differentiation of chondrocytes into fibrochondrocytes, which secrete type I collagen and have an altered matrix architecture and mechanical function, there is a need for a novel cell source that produces hyaline cartilage. The generation of induced pluripotent stem (iPS) cells has provided a tool for reprogramming dermal fibroblasts to an undifferentiated state by ectopic expression of reprogramming factors. Here, we show that retroviral expression of two reprogramming factors (c-Myc and Klf4) and one chondrogenic factor (SOX9) induces polygonal chondrogenic cells directly from adult dermal fibroblast cultures. Induced cells expressed marker genes for chondrocytes but not fibroblasts, i.e., the promoters of type I collagen genes were extensively methylated. Although some induced cell lines formed tumors when subcutaneously injected into nude mice, other induced cell lines generated stable homogenous hyaline cartilage-like tissue. Further, the doxycycline-inducible induction system demonstrated that induced cells are able to respond to chondrogenic medium by expressing endogenous Sox9 and maintain chondrogenic potential after substantial reduction of transgene expression. Thus, this approach could lead to the preparation of hyaline cartilage directly from skin, without generating iPS cells.
Introduction
Hyaline cartilage sustains body growth as primordial cartilage and growth plate cartilage, and provides shock absorption and lubrication in diarthrodial joints as articular cartilage. Hyaline cartilage is a highly organized tissue with complex biomechanical properties and substantial durability, which are sustained by extracellular matrix. Hyaline cartilage extracellular matrix is produced by chondrocytes and consists of collagen fibrils composed of types II, IX, and XI collagen molecules, proteoglycans, and other matrix proteins. Because hyaline cartilage has a poor intrinsic capacity for healing, the loss of cartilage due to trauma or degeneration with age can result in growth impairment, debilitating conditions, and osteoarthritis. Cartilage damage sometimes heals with fibrocartilage, which differs from hyaline cartilage. Fibrocartilage is a type of scar tissue that expresses types I and II collagen; hyaline cartilage, in contrast, does not express type I collagen (1, 2) . As the presence of type I collagen impairs cartilage-specific matrix architecture and mechanical function, repair of cartilage damage by fibrocartilage results in morbidity and functional impairment. Thus, the goal for repair of cartilage injury is the regeneration of organized hyaline cartilage (3) . However, because chondrocytes are limited in number, and because they de-differentiate into fibrochondrocytes during monolayer expansion in culture (4) , there is a significant need for cell sources that produce hyaline cartilage in regenerative medicine. Healing of cartilage damage with hyaline cartilage rather than fibrocartilage remains a challenging clinical problem (3) .
In primordial cartilage and growth plate cartilage, chondrocytes undergo hypertrophy and hypertrophic cartilage is degraded and eventually replaced by bone. In articular cartilage, chondrocytes seldom undergo hypertrophy and cartilage remains throughout life. Thus, it is also critical to avoid the generation of hypertrophic cartilage, particularly in applications involving repair of articular cartilage. Prevention of hypertrophy of hyaline cartilage to calcified cartilage is a barrier to cartilage regeneration. Sox9, Sox5, and Sox6 play important roles in the commitment of mesenchymal cells to the chondrocyte lineage. In mouse chimeras, Sox9 -/-cells are excluded from cartilage primordia throughout embryonic development (5) . Cartilage is almost absent in the limbs of mice after conditional inactivation of the Sox9 gene in early mesenchymal limb bud cells (6) and in mice lacking Sox5 and Sox6 (7) . Sox9, Sox5, and Sox6 activate transcription of chondrocyte marker genes by binding their enhancers (8) (9) (10) (11) .
In the search for alternative cell sources, cell type conversion to chondrocytic cells from dermal fibroblasts has been studied. Ectopic expression of chondrogenic transcriptional factors Sox5, Sox6, and Sox9 in dermal fibroblasts causes expression of their target genes, which are chondrocyte markers such as type II collagen (12) . Treatment with chondrogenic supplementation including TGF-β results in expression of chondrocyte markers in dermal fibroblasts (13) . However, the histology of pellet cultures of those cells appears fibrocartilaginous (12, 13) , strongly suggesting that type I collagen expression persists even after these treatments. Although dermal fibroblasts represent a readily accessible cell source, the tendency for high expression of type I collagen is a large obstacle to production of hyaline cartilage. To eliminate fibroblastic characters, cell reprogramming may be necessary.
Myocytes, adipocytes, and chondrocytes are induced in cultures of the mouse embryonic 10T1/2 cell line by 5-aza-2′-deoxycytidine (14) , which probably converts murine embryonic cells to various cell types by reducing DNA methylation (15) . These findings support the notion that cell reprogramming facilitates the conversion of cells from one lineage to another. The generation of induced pluripotent stem (iPS) cells has provided tools for reprogramming somatic cells to an undifferentiated pluripotent stem cell state. The expression of a defined set of factors (Oct3/4, Sox2, c-Myc, and Klf4, as well as Nanog and human LIN28) can fully reprogram dermal fibroblasts into iPS cells (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . It may therefore be possible that these cell reprogramming tools would contribute to erasing the fibroblastic nature during induction of hyaline cartilage from dermal fibroblast culture.
In the present study, we examined whether hyaline chondrogenic cells could be directly induced from mouse adult dermal fibroblast cultures by the combined expression of reprogramming factors and chondrogenic factors. We induced chondrogenic cell lines directly from dermal fibroblast culture by the transduction of c-Myc, Klf4, and SOX9. Induced chondrogenic cells produced homogeneous hyaline cartilage-like tissue without type I collagen expression after subcutaneous injection into nude mice. Hyaline cartilage-like tissue remained for at least 16 weeks without tumor formation. This approach may therefore be a step toward the generation of patient-specific hyaline cartilage from skin without going through the process of generating iPS cells.
Results

Generation of induced chondrogenic cell lines from mouse dermal fibroblast culture. In order to select cells that acquired the chondrogenic phe-
notype by ectopic expression of factors, we utilized the promoter/ enhancer activities of the type XI collagen α2 chain gene (Col11a2), as types II, IX, and XI collagen molecules constitute hyaline cartilage-specific collagen fibrils and sustain cartilage tissue structure. Thus, activation of transcription of Col11a2 was considered to be an indicator of the acquisition of chondrocytic phenotype. We previously identified the Col11a2 promoter/enhancer sequences responsible for cartilage-specific expression (27) . The Col11a2 promoter exhibits insulator activities (28) that contribute to stable transgene expression in transgenic mice. Here, we generated transgenic mice expressing βgeo (fusion gene of the β-galactosidase gene [LacZ] and the neomycin resistance gene) under the control of the Col11a2 promoter/enhancer sequences ( Figure 1A ). Col11a2-βgeo transgenic mice showed LacZ activities specifically in the primordial cartilage of limbs and ribs, but not in other tissues including skin ( Figure  1B ). Mouse embryonic fibroblasts (MEFs) prepared from transgenic embryos at 13.5 dpc and mouse dermal fibroblasts (MDFs) prepared from adult transgenic mice died in the presence of 300 μg/ml G418 ( Figure 1C ). On the other hand, primary chondrocytes prepared from transgenic mice survived in the presence of 900 μg/ml G418. Most primary chondrocytes prepared from wild-type littermates died in the presence of 300 μg/ml of G418.
We assessed the ability of a combination of 4 reprogramming factors (Oct3/4, Sox2, c-Myc, and Klf4) and chondrogenic factor SOX9 to induce G418-resistant colony formation from Col11a2-βgeo reporter MDFs. G418 resistance indicated that chondrogenic characteristics had been induced ( Figure 1D ). We prepared MDFs from Col11a2-βgeo transgenic mice at 3 months of age. We introduced reprogramming factors and SOX9 using the retroviral pMXs/Plat-E vector system (29) . Transduction of SOX9 alone into MDFs produced no colonies in the presence of G418 ( Figure 1E) . Transduction of the 4 reprogramming factors into MDFs resulted in the formation of few colonies. On the other hand, transduction of SOX9 and the 4 reprogramming factors into MDFs induced the formation of approximately 464 G418-resistant colonies from 1.7 × 10 5 MDFs. To detect glycosaminoglycan production, we stained dishes with toluidine blue. Of 464 colonies, 91 (25%) showed metachromatic purple staining with toluidine blue. On the other hand, very few colonies that were transduced with only the reprogramming factors (but without SOX9) showed metachromatic purple staining with toluidine blue.
In order to identify the reprogramming factors that are important for colony formation, we removed 1 reprogramming factor and assessed the ability of the remaining 3 factors to induce colony formation from the Col11a2-βgeo reporter MDFs in the presence of SOX9. Removal of either c-Myc or Klf4 from the 4 reprogramming factors in the presence of SOX9 resulted in reduced colony formation (Figure 2A ). Very few colonies showed metachromatic staining with toluidine blue. G418-resistant colonies that lacked c-Myc consisted of flatter-shaped cells, and G418-resistant colonies that lacked Klf4 consisted of spindle-shaped cells and small round cells that appeared to be dead ( Figure 2B ). On the other hand, removal of either Oct3/4 or Sox2 resulted in the formation of substantial numbers of colonies that showed metachromatic staining with toluidine blue (Figure 2A) . Most of the colonies with metachromatic toluidine blue staining consisted of polygon-shaped cells, which are typical of chondrocyte morphology ( Figure 2B , bottom left). Thus, in this experimental system, c-Myc and Klf4 were needed for the transformation of cells in MDF populations into G418-resistant colonies of cells with metachromatic toluidine blue staining and polygonal chondrocyte-like morphology. The combination of SOX9 plus c-Myc and Klf4 generated 510 G418-resistant colonies from 1.7 × 10 5 βgeo reporter MDFs ( Figure 2C ). A total of 168 colonies (33%) showed metachromatic toluidine blue staining, and 152 colonies (30%) consisted of polygon-shaped cells ( Figure 2D ). The cell morphologies of each colony are shown in Supplemental Figure 1 (supplemental material available online with this article; doi:10.1172/JCI44605DS1). Of the colonies with metachromatic toluidine blue staining, 84% consisted of polygon-shaped cells, and 92% of the colonies that consisted of polygon-shaped cells showed metachromatic toluidine blue staining. Transduction of c-Myc and SOX9 resulted in the formation of 39 colonies with metachromatic toluidine blue staining, but most of these colonies consisted of spindle-shaped cells with a non-polygonal morphology ( Figure 2 , C and D). Transduction of Klf4 and SOX9 resulted in the formation of 248 G418-resistant colonies, but none of the colonies showed metachromatic toluidine blue staining. They consisted of cells with flatter, non-polygonal morphology ( Figure 2, C and D) . In summary, the combination of c-Myc, Klf4, and SOX9 generated 152 G418-resistant colonies of cells with polygonal morphology from 1.7 × 10 5 βgeo reporter MDFs, and 92% of colonies composed of cells with polygonal morphology showed metachromatic staining with toluidine blue. Removal of any one of these three factors decreased the number of G418-resistant colonies of cells with polygonal morphology.
Transduction of c-Myc, Klf4, and SOX9 into Col11a2-βgeo reporter adipose tissue-derived stromal cells (ADSCs) prepared from adult mice also generated G418-resistant colonies of cells with metachromatic staining with toluidine blue at a slightly reduced efficiency when compared with that for MDFs ( Figure  2E ). Transduction of various combinations of reprogramming factors and SOX9 into MEFs showed that c-Myc and Klf4 are necessary and that c-Myc, Klf4, and SOX9 are sufficient for the formation of G418-resistant colonies exhibiting metachromatic staining with toluidine blue ( Figure 2F ). We examined the effects of Sox5 and Sox6 by transducing c-Myc, Klf4, Sox5, and Sox6 into βgeo reporter MDFs. No G418-resistant colonies were formed by this combination of factors, indicating that Sox5 and Sox6 cannot be substituted for Sox9 in this selection system.
From MDF cultures transduced with c-Myc, Klf4, and SOX9, we selected colonies composed of cells with polygonal morphology and continued their cultivation. We established 27 cell lines (referred to as MK-1 and MK-3 to -28) from individual colonies. However, we lost the MK-2 cell line due to technical errors during expansion of the cell population.
Induced cells were chondrogenic in vitro. In an effort to determine whether induced cells selected with G418 have chondrogenic potential, we cultured the MK-1 and MK-3 to -28 cell lines in three-dimensional, type I collagen gels for 3 weeks. Histological analysis of the collagen gels showed that all MK cell lines examined produced cartilage-like structures, while MDFs did not (Supplemental Figure 2A) .
We then randomly selected the MK-1, -3, -4, -5, -7, -10, and -15 cell lines for closer examination. We initiated growth curve analyses of induced cells at passage 6. Under the assumption that each induced cell line arises from a single cell, we estimated that induced cells went through 22 population doublings before they were used in this experiment. Growth curve analysis showed that the MK cell lines grew exponentially for more than 45 days ( Figure  3A) primary chondrocytes, 100 hours. Southern hybridization analysis of genomic DNAs showed that each MK cell line had a unique retroviral transgene integration pattern ( Figure 3B ). Karyotyping analyses of induced cell lines showed high frequencies of cells with abnormal karyotypes ( Figure 3C and Supplemental Figure 2B ). In abnormal karyotypes, chromosome 1, 4, or 19 was duplicated. Induced cells were supposedly clonal cells, indicating that cells became karyotypically heterogeneous with time in culture.
When the calculated cell numbers in the growth curve exceeded 10 10 , the cells were split and replated onto 10-cm dishes, cultured for an additional 14 days after reaching confluence, and stained with toluidine blue. These cell line cultures showed metachromatic toluidine blue staining, indicating the presence of glycosaminoglycan, whereas MDFs did not ( Figure 3D ). The MK-3, -5, -7, -10, and -15 cell lines showed a polygonal cell morphology. The MK-1 and -4 cell lines showed a slightly spindle-shaped morphology ( Figure 3E ).
To assess in vitro cartilaginous tissue formation more strictly, we performed pellet culture. MK-7 and MK-10 cells produced pellets, whereas MDF did not form pellet. Histological analysis of pellet culture showed that the MK-7 and MK-10 cell lines produced cartilage-like structures with cells surrounded by substances that showed metachromatic staining with toluidine blue, indicating a cartilaginous matrix ( Figure 3F ). Immunohistochemical analysis confirmed that MK-7 and -10 cells expressed type II collagen proteins but not type I and type X collagen proteins in pellet culture. Thus, the induced cell lines had chondrogenic differentiation potential in vitro. Figure 4A and Supplemental Figure 3A ). Relative expression levels of type II collagen gene (Col2a1) and aggrecan gene (Acan) in each MK cell line Figure 4B ). In primary chondrocyte samples, most cells expressed type II collagen and aggrecan, and a few cells (fewer than 10%) expressed type I collagen, probably due to minor contamination of fibroblasts or de-differentiation of chondrocytes.
Expression and DNA methylation analyses of induced chondrogenic cells. RT-PCR and real-time RT-PCR analysis showed that the MK cell lines expressed chondrocyte marker genes (
The cytosine guanine (CpG) dinucleotides in the promoters of the fibroblast-associated genes Col1a1 and Col1a2 were highly methylated in MK cell lines, but were unmethylated in parental MDFs ( Figure 4D ). This suggests that expression of c-Myc, Klf4, and SOX9 induced silencing of the Col1a1 and Col1a2 genes in MDF culture. The Col1a1 promoter was moderately methylated in primary chondrocytes. Despite the low expression levels of Col1a2, its promoter was not methylated in primary chondrocytes prepared from neonatal rib cartilage. These results suggest that fibroblast marker gene promoters were excessively methylated in induced cells as compared with those in primary chondrocytes.
Expression of c-Myc, Klf4, and Sox9/SOX9 proteins was detected in MK cells by Western blotting (Supplemental Figure 3B ) and immunofluorescence staining ( Figure 4E ). Western blot analysis showed that c-Myc and Klf4 expression were lower in the MK-3 cell line and SOX9 expression was lower in the MK-4 cell line when compared with other MK cell lines. On immunofluorescence staining, immunoreactivity against SOX9, c-Myc, and Klf4 was below detectable levels in some cells from each induced cell line. It is possible that these cells underwent silencing of transgenes. Real-time RT-PCR analysis showed that transgenes cMyc and Klf4 were expressed (Supplemental Figure 3, C and D) . Transgene SOX9 expression was obvious in induced cells. Expression of the endogenous Sox9 gene was detected in induced cells but not in parental MDFs ( Figure 4F ), suggesting that endogenous Sox9 gene transcription was activated in induced cells.
In summary, the induced cell lines, with the exception of MK-3 and MK-4, expressed chondrocyte markers but not fibroblast markers, suggesting their commitment to the chondrogenic lineage. On the other hand, MK-4 cells showed type I collagen expression, which suggests incomplete or only partial chondrogenic commitment.
Induced chondrogenic cells formed homogenous cartilage in vivo. We examined the ability of induced chondrogenic cells to generate ectopic cartilage in vivo by subcutaneously injecting induced cells and parental MDFs into the dorsal flanks of nude mice (Supplemental Table 1 ). We injected induced cells alone without carrier. Four weeks after injection, we sacrificed the mice and histologically examined the injected sites. Among the 7 cell lines that were examined, MK-5, -7, and -10 produced substantial amounts of homogenous cartilage tissue, as indicated by metachromatic staining with toluidine blue ( Figure 5A ). We also observed lacuna formation, which is typical of cartilage. The distribution of GFP-expressing cells almost exactly corresponded to regions with metachromatic staining, suggesting that most of the injected MK-5 ( Figure 5A ), MK-7, and MK-10 cells (Supplemental Figure 4) differentiated into chondrocytic cells. The central region of the cartilage generated by MK-5 cell injection appeared necrotic, probably due to the lack of vasculature ( Figure  5A , top). Immunohistochemical analysis showed that the cartilage generated by MK-5 cell injection into nude mice expressed no type I collagen (Supplemental Figure 5 , right), similar to embryonic primordial cartilage (Supplemental Figure 5 , left). Type I collagen was abundantly expressed in the surrounding host subcutaneous tissue of nude mice (Supplemental Figure 5 , right) and most of the surrounding connective tissues, including muscle, dermis, tendon, vessels, and fat tissue in the embryonic limb buds (Supplemental Figure 5 , left). These results suggest that the cartilaginous tissue generated by MK-5 cell injection in vivo corresponds to hyaline cartilage rather than fibrocartilage.
On the other hand, MK-4 cells produced tumors within 4 weeks of injection ( Figure 5B ). Histological examination showed that the tumors consisted of a small cartilaginous portion ( Figure 5B , arrowheads) embedded in a large tumorous portion. Low-power views revealed that the tumor was characterized by a solidly packed, round to ovoid cell pattern that was rather uniform and by small foci of immature cartilage. Under high-power observation, the main tumor cells possessed plump nuclei with 1 or 2 prominent nucleoli, showing primitive features without differentiation ( Figure 5C , top center). Thus, the tumor did not correspond to teratoma. The cartilaginous islands consisted of immature chondrocytes with large nuclei without any sarcomatous change and chondroid matrix positively stained with toluidine blue ( Figure 5C , top right). Tissues generated 4 weeks after MK-5 cell injection expressed type II collagen but not type I collagen, confirming that the generated tissue was cartilage ( Figure 5C, left column) . However, the tumorous portion Figure 5C , right column). BrdU labeling revealed a very low amount of proliferation in cartilage generated from MK-5 cells ( Figure 5C , left, fifth row) and large amounts of proliferation in tumors generated from MK-4 cells ( Figure 5C , middle, fifth row). Mice were intraperitoneally injected with BrdU labeling reagent 2 hours before sacrifice. Immunoreactivity against c-Myc was similar among cartilaginous tissue generated by MK-5 cell injection, the tumorous portion, and the cartilaginous portion in tumors generated by MK-4 cell injection ( Figure 5C, bottom row) .
To examine the course of cartilage production and MK cell proliferation in vivo, we collected tissues at 1 and 3 weeks after the injection of MK-5 cells (Supplemental Figure 5B) . The MK-5 cells gradually produced cartilage extracellular matrix, as indicated by intense safranin O staining (Supplemental Figure 5B, top row) , and their rate of proliferation decreased with time, as indicated by a gradual decrease in the number of BrdU-positive cells (Supplemental Figure 5B , bottom row). The proliferating activities of tissues generated 1-4 weeks after MK-5 cell injection were between those of embryonic primordial cartilage and articular cartilage after birth (Supplemental Figure 5B) .
We then followed the mice for 8-16 weeks after MK cell injection (Supplemental Table 1 ). MK-7 cell-injected sites continued to show homogenous cartilage formation without tumor formation at 8 and 16 weeks ( Figure 6A, left panels) . MK-10 cell-injected sites showed homogenous cartilage without tumor formation at 8 and 12 weeks ( Figure 6A, right panels) . To analyze the stability of the chondrogenic phenotype, we extracted RNA from the cartilage tissues generated from MK-7 cells (16 weeks after injection) and MK-10 cells (8 weeks after injection). Transgenic SOX9 mRNA levels and endogenous Sox9 mRNA levels were determined with real-time RT-PCR analysis with primers specific for transgenic SOX9 transcripts and primers specific for endogenous Sox9 transcripts, respectively. Expression of endogenous Sox9 was potently activated after implantation into nude mice as compared with the expression levels in monolayer culture or primary chondrocytes ( Figure 6B ). The expression of Col2a1 and Acan were also increased as compared with their expression level in monolayer culture (Supplemental Figure 6) . The surrounding cartilage matrix produced in vivo may have stimulated MK-7 or MK-10 cells to express endogenous Sox9, which in turn caused further production of cartilage matrix, leading to the stable maintenance of a differentiated chondrocytic phenotype without tumor formation. These results suggest that MK-7 and MK-10 cells are chondrogenic cells.
In contrast to the successful application of the MK-7 and MK-10 cells, the MK-5 cells produced small cartilaginous remnants surrounded by large tumors at 8 weeks after injection ( Figure  6C, top row) . The cartilaginous remnants strongly expressed type II collagen and weakly expressed type I collagen ( Figure 6C , left, third and fourth rows) and contained only one BrdU-positive cell in a representative field ( Figure 6C , bottom left, arrowhead). The tumor cells, which were highly proliferative as indicated by the numerous BrdU-positive cells ( Figure 6C , bottom right), had strong expression of type I collagen and weak expression of type II collagen ( Figure 6C , third and fourth rows, right). We speculated that the MK-5 cell line was contaminated with chondrogenic/fibroblastic intermediate cells that produced the tumors in nude mice and that the number of these contaminating cells was too small to detect the expression of type I collagen in monolayer cultures of MK-5 cells. To examine this possibility, we derived subclones from single MK-5 cells using the limiting dilution technique. Southern hybridization revealed that each MK-5 subclone had a transgene integration pattern that was identical to that of the original MK-5 cells ( Figure 6D ). The injection of MK-5 subclones produced cartilage but not tumors at 8 and 12 weeks after injection ( Figure 6E and Supplemental Table 1 ). These results suggest that the transduction of c-Myc, Klf4, and SOX9 into dermal fibroblast culture produced hyaline chondrogenic cells, which do not express type I collagen, along with chondrogenic/fibroblastic intermediate cells, which do express type I collagen (Supplemental Figure 7) . The induced cell lines, such as MK-7, MK-10, and subclones of MK-5, that formed homogenous hyaline cartilage with high expression levels of endogenous Sox9 and without tumor formation might be hyaline chondrogenic cells.
In order to determine whether hypertrophy occurs in the cartilaginous tissues formed in nude mice, we examined type X collagen expression by immunohistochemistry. Type X collagen was not expressed in cartilaginous tissue at 4 weeks after injection of MK-5, -7, and -10 cells (Figure 7A ). At 8 weeks after injection, type X collagen was not expressed in cartilaginous tissue by MK-7 cell injection and was expressed in a limited part of the cartilaginous tissue by MK-10 cells ( Figure 7B ). Type X collagen expression was detected in the cartilaginous tissue formed at 16 weeks after injection of MK-7 cells ( Figure 7C ). Real-time RT-PCR analysis showed that expression levels of Col10a1 and Mmp13 remained lower in cartilaginous tissues generated by MK-7 (16 weeks after injection) and MK-10 (8 weeks after injection), as compared with the expression levels in the samples collected from the hypertrophic zones of epiphyseal cartilage in neonatal mice ( Figure  7E ). These results suggest that the induced cells slowly undergo hypertrophy in transplants in vivo. 
Induction of chondrogenic cells from Col11a2-Egfp-Ires-Puro transgenic MDFs. To examine the process of induction of chondrogenic cells
from MDFs, we generated transgenic mice bearing the Col11a2-Egfp-Ires-Puro transgene ( Figure 8A ). GFP fluorescence was initially observed during mesenchymal condensation at 12.5 dpc (Figure 8B, top) . The mice showed GFP fluorescence specifically in primordial cartilage at 13.5 dpc (Figure 8B, bottom) . MDF prepared from the Col11a2-Egfp-Ires-Puro transgenic mice died in the presence of 1 μg/ml puromycin, while primary chondrocytes from the transgenic mice survived in 2.5 μg/ml puromycin (data not shown). We transduced c-Myc, Klf4, and SOX9 retroviral vectors into MDFs prepared from neonatal Col11a2-Egfp-Ires-Puro Generation of induced chondrogenic cells with a doxycycline-inducible system. To examine how the continued expression of the transgenes affected characteristics of induced cells, we misexpressed human c-MYC, human KLF4, and human SOX9 from doxycycline-inducible (dox-inducible) lentiviral vectors. We transduced these inducible constructs into MDFs prepared from neonatal Col11a2-EgfpIres-Puro transgenic mice and cultured them in the presence of 1 μg/ml dox and 1-2 μg/ml puromycin. We derived pleural-induced cell lines from individual puromycin-resistant colonies. Induced cell lines cultured in DMEM plus 10% FBS in the presence of dox expressed chondrocyte marker genes, but not fibroblast marker genes (Supplemental Figure 8E) . The levels of chondrocyte marker genes in these cells in the presence of dox were lower than those in MK cells induced by conventional retroviral vectors ( Figure 4A ).
It is possible that this difference was due to reduced transgene expression in the dox-inducible system. Withdrawal of dox for 2 days resulted in a dramatic reduction of transgene expression ( Figure 9A ) and decreased proliferation rates in the DMEM plus 10% FBS culture media ( Figure 9B ). This result suggests that fast proliferation of induced cells in vitro ( Figure 3D ) depended on continued expression of the transgenes.
Next, we examined whether the chondrogenic phenotype of induced cells is maintained after withdrawal of dox in vitro. Induced cells were moderately stained with toluidine blue in the presence of dox, whereas they were not stained in the absence of dox in the DMEM plus 10% FBS culture media ( Figure 9C, top) . These results suggest that induced cells lose the chondrogenic phenotype after withdrawal of dox in the DMEM plus 10% FBS culture media; this result is consistent with the unique properties of primary chondrocytes, which rapidly lose their differentiated phenotype upon culturing (32) . On the other hand, induced cells were intensely stained with toluidine blue in the chondrogenic medium (DMEM supplemented with 1% FBS, 500 ng/ml GDF5, 10 ng/ml TGF-β1, 10 -7 M dexamethasone, 50 μg/ml ascorbate-2-phosphate, 1 mM pyruvate, 10 μg/ml insulin, 10 μg/ml transferrin, and 0.2 μg/ml sodium selenite), regardless of the presence or absence of dox ( Figure 9C, middle) . Parental MDFs cultured in chondrogenic medium in the presence or absence of dox were only slightly stained with alcian blue (Figure 9C, bottom) . Induced cells were polygon-shaped and expressed GFP in chondrogenic medium in the absence of dox ( Figure 9D ), suggesting Col11a2 transcription. Real-time RT-PCR analysis showed that the withdrawal of dox greatly activated the expression of endogenous Sox9 in induced cells cultured in the chondrogenic medium; the levels of endogenous Sox9 expression were even higher than that in primary chondrocytes ( Figure 9E ). The expression levels of the chondrocyte marker genes Col2a1 and Acan were also increased by the withdrawal of dox when induced cells were cultured in chondrogenic medium ( Figure 9E ). It is possible that continued expression of the transgenes disrupts chondrocytic differentiation in this system. These results suggest that induced cells in which continued expression of the transgenes are reduced can respond well to chondrogenic medium and maintain a chondrogenic potential. Expression levels of Col10a1 and Mmp13 in dox-inducible induced cells were elevated by the withdrawal of dox when cells were cultured in chondrogenic medium, although they were moderately lower compared with those in hypertrophic zones of epiphyseal cartilage from neonatal femur and tibia ( Figure 9E ). These results suggest that induced cells in which continued expression of the transgenes is reduced undergo hypertrophy.
We then injected dox-inducible induced cells into the subcutaneous spaces of nude mice. When water containing dox was administered to the nude mice continuously, we observed small cartilaginous tissue formation in only 1 of the 8 injection sites at 4 weeks after injection (data not shown). The other 7 injection sites showed no tissue formation. Thus, the dox-inducible induced cells may not be as chondrogenic as MK cell lines, or the dox concentration may not have been sufficiently high to induce transgene expression in vivo. When dox was not administered to the mice, we found no tissue formation in the 16 injected sites in nude mice at 4 weeks after injection (Supplemental Table 1 ). Based on these results, long-term heterologous expression of transgenes appears to be necessary to induce and maintain the hyaline cartilage-like phenotype at ectopic sites. 
Discussion
Inducing hyaline cartilage from dermal cells has been very difficult, because the dermis expresses type I collagen most abundantly, and the absence of type I collagen is prerequisite for proper function of hyaline cartilage. In addition to gaining the phenotype of the destination cell types, elimination of characteristics of the original fibroblastic cell type is another critical issue in converting fibroblasts into different cell types, particularly in the case of forming hyaline cartilage in which the presence of type I collagen critically affects its extracellular matrix architecture and function.
In the present study, we obtained chondrogenic cells expressing no type I collagen through the transduction of c-Myc and Klf4 in addition to the chondrogenic factor SOX9. Induced chondrogenic cells showed extensive methylation of the promoters of the type I collagen genes. We speculate that ectopic expression of c-Myc and Klf4 partially reprograms the fibroblasts, making the cells susceptible to chondrogenic programming, which is initiated by ectopic expression of Sox9. As a result of efficient chondrogenic programming, the type I collagen genes may be silenced. The c-Myc and Klf4 transgenes appear to contribute to the initial expansion of induced chondrogenic cell population. Some induced cell lines formed tumors, while other induced cell lines did not. The latter induced cell lines produced stable hyaline cartilage-like tissue without tumor formation for a sustained period of time in the subcutaneous spaces of nude mice; these results represent advancements in cartilage tissue engineering. We have not determined the origin of the induced chondrogenic cells in MDF culture. Our results suggest that cells other than prechondrogenic cells in MDFs can give rise to induced chondrogenic cells. A small number of multipotent stem cells coexist with fibroblasts in primary dermal fibroblast culture (33) , and it is possible that c-Myc, Klf4, and SOX9 modified these stem cells or fibroblasts.
The cartilaginous tissues formed by injection of induced chondrogenic cells in nude mice slowly underwent hypertrophy. The expression levels of Col10a1 in dox-inducible induced cells were increased by the withdrawal of dox when cells were cultured in chondrogenic medium. As Sox9 overexpression in chondrocytes inhibits hypertrophy (34), we speculate that continued expression of SOX9 in these induced cells contributed to delaying the onset of hypertrophy. The results showing that continued expression of Sox9 is needed to maintain hyaline-like cartilage obviously limit the therapeutic application of the technology to articular cartilage regeneration, but alternatively, many should find this strategy useful for generating cartilage from dermal fibroblasts for the study of human congenital skeletal defects.
Along with chondrogenic cells, chondrogenic/fibroblastic intermediate cells were also produced. These cells express type I collagen and form tumors when transplanted into nude mice. The tumor-producing MK-4 cell line expressed lower SOX9 protein and lower Sox6, Col2a1, and Acan mRNA levels in vitro when compared with other induced chondrogenic cell lines. A possible explanation is that chondrogenic/fibroblastic intermediate cells arose from fibroblasts that were not properly transduced with transgenes and were insufficiently reprogrammed to the chondrogenic lineage, although this is only speculation. One goal in cartilage tissue engineering is to obtain expandable chondrogenic cells that do not lose their chondrogenic properties. However, chondrocytes do not rapidly proliferate for a sustained period of time. Chondrogenic progenitor cells collected from human osteoarthritic cartilage reach senescence after expansion (35) . In the present study, it appears that the c-Myc and Klf4 transgene products, in cooperation with SOX9, may reprogram cells in fibroblast culture to become chondrogenic cells and also subsequently contribute to the rapid proliferation of induced cells. After being subcutaneously implanted into nude mice, some induced cell lines formed tumors, whereas other induced cell lines did not. The latter induced cells were gradually embedded in cartilage extracellular matrix and lost their proliferating activity, producing stable cartilage without tumor formation for a prolonged period of time, despite continued c-Myc expression. We have not identified the molecular mechanisms responsible for the controlled proliferation of induced chondrocytic cells in vivo. The control of proliferation rates of induced cells in vivo appears to be associated with the activation of endogenous Sox9 gene expression and chondrocytic differentiation. Reduced proliferation and greatly increased activation of the endogenous Sox9 gene was also seen in the induced cells produced by dox-inducible lentiviral vectors when they were cultured in the absence of dox in chondrogenic medium. However, as long as the c-Myc and Klf4 transgenes are present in the induced cells, it is possible that these cells may eventually become tumorigenic. To reduce the risk of tumorigenicity, c-Myc and Klf4 constructs should be transiently expressed to induce chondrogenic cells and then eliminated after a sufficient number of induced cells are produced.
"Kick-starting" the chondrocytic program by transient expression of the three factors would be ideal, but the existing challenges associated with maintaining hyaline cartilage will emerge. Preparation of a chondrogenic environment, such as chondrogenic supplementation and scaffold, may be a prerequisite for maintaining a chondrogenic phenotype, as doxinducible induced cells without dox respond to chondrogenic medium and cannot form ectopic cartilage in nude mice by subcutaneous injection of cells alone. The increased Col10a1 expression in dox-inducible induced cells without dox indicates that it is necessary to develop chondrogenic supplementation that inhibits chondrocyte hypertrophy. Finally, we should note that induced cell lines showed karyotypic instability during culture. Karyotypic instability is a serious problem with this technology. It remains to be confirmed whether shortening the culture period or modifying the culture condition improves the karyotypic instability of induced cells.
Although significant challenges remain, the present approach may be a step toward the generation of patient-specific cartilage from skin without going through the process of generating iPS cells.
Methods
Generation of Col11a2-βgeo transgenic mice. The α2(XI) collagen gene-based expression vector 742LacZInt contains the mouse Col11a2 promoter (-742 to +380), an SV40 RNA splice site, the LacZ reporter gene, the SV40 polyadenylation signal, and a 2.3-kb segment of the first intron sequence of Col11a2 as an enhancer (27) . To create the βgeo transgene, a 0.8-kb neomycin resistance gene fragment was linked to the 3′-end of a 3.1-kb cDNA fragment encoding LacZ. The βgeo fragment was cloned into the NotI sites of the 742lacZInt expression vector by replacing the LacZ gene to create Col11a2-βgeo. The plasmid Col11a2-βgeo was digested with EcoRI and PstI to release the inserts. Transgenic mice were produced by microinjection of the inserts into the pronuclei of fertilized eggs from F1 hybrid mice (C57BL/6 × DBA), as described previously (27) . Transgenic mice were identified by PCR assays of genomic DNA extracted from the tail. Genomic DNA was amplified by transgene-specific PCR by using primers derived from the LacZ gene (CGCTACCATTACCAGTTG) and from the neomycin resistance gene (CCAGTCATAGCCGAATAG) to amplify a 135-bp product from βgeo transgenic mice. Mice were backcrossed to the C57BL/6 strain for at least 4 generations. X-gal staining of mouse bodies and sections was performed as previously described (36) .
Cell culture. For MDF isolation, skin was prepared from 3- to 6-month-old mice. After hair was shaved off, skin was minced and trypsinized at 37°C for 4 hours. Dissociated cells were filtered through a nylon mesh (pore size, 40 μm; Tokyo Screen Co.) to generate a single-cell suspension and then seeded onto 100-mm dishes and cultured in DMEM supplemented with 10% FBS (passage 1). Epidermal cells did not appear to survive under these culture conditions, as immunofluorescence staining showed that most cells expressed type I collagen ( Figure 4C ).
ADSCs were isolated as previously described (37) . Subcutaneous fat pads were prepared from 3- to 6-month-old mice, minced, and digested in 0.2% collagenase medium at 37°C for 2-4 hours. The dissociated cells were filtered through nylon mesh (pore size, 70 μm; Tokyo Screen Co.). Released cells were collected by centrifugation (630 g for 10 minutes at 4°C). Cells were resuspended in a fresh medium, filtered through nylon mesh (pore size, 40 μm; Tokyo Screen Co.), and collected by centrifugation (630 g for 10 minutes at 4°C). Cells were resuspended in a fresh medium and seeded onto 100-mm dishes and cultured in DMEM supplemented with 5% FBS (passage 1).
MEFs were isolated as previously described (16) . Briefly, the head and visceral tissues were removed from 13.5-dpc embryos. The remaining bodies were minced, trypsinized, and transferred into a tube. Cells were collected by centrifugation and then resuspended in DMEM containing 10% FBS. A total of 1 × 10 6 cells were cultured on each 100-mm dish (passage 1). MDFs, ADSCs, and MEFs at passage 1 were trypsinized and stored in liquid nitrogen until use.
Primary chondrocytes were isolated as previously described (38, 39) . The ventral sections of rib cages or the epiphyseal sections of humerus and femur were dissected from newborn mice in PBS. Adherent soft tissues were removed from the cartilage after digestion with 2 mg/ml collagenase type II (Sigma-Aldrich) in DMEM at 37°C for 30 minutes. Chondrocytes were released from the cartilage by soaking the tissue in fresh collagenase medium for 4-5 hours. Released cells were collected by centrifugation (200 g for 10 minutes at 4°C) and resuspended in fresh medium. Cells were seeded into 60-mm or 100-mm dishes and cultured in DMEM supplemented with 10% FBS (passage 1).
Retroviral vectors and transduction. pMXs-c-Myc (Addgene plasmid 13375)
, pMXs-Klf4 (Addgene plasmid 13370), pMXs-Oct3/4 (Addgene plasmid 13366), pMXs-Sox2 (Addgene plasmid 13367), pMXs-EGFP, and pMXsgw were gifts from S. Yamanaka (Center for iPS Cell Research and Application [CiRA], Kyoto University, Kyoto, Japan) (16) . The Gateway cassette (Invitrogen) was inserted into a pMXs retroviral vector (40) in order to prepare pMXs-gw. Human SOX9 cDNA, a gift from H. Akiyama (Graduate School of Medicine, Kyoto University, Kyoto, Japan), was cloned into pENTR-1A (Invitrogen) to prepare pENTR1A-hSOX9 and recombined with pMXs-gw by LR reaction (Invitrogen) to prepare pMXs-hSOX9.
Retroviral infection was performed as described previously (16) . Plat-E cells were gifts from T. Kitamura (The Institute of Medical Science, The University of Tokyo, Tokyo, Japan). One day after seeding Plat-E cells (29) at 8 × 10 6 cells per 10-cm dish, we transfected the cells with pMXs-based retroviral vectors by using FuGENE 6 transfection reagent (Roche). Twenty-four hours after transfection, the medium was replaced. Twenty-four hours after medium replacement, the medium was collected as the viruscontaining supernatant from Plat-E cultures.
Frozen stored MEFs, MDFs, or ADSCs were thawed, seeded onto 100-mm dishes, and cultured in DMEM supplemented with 10% FBS. One day before transduction, cells were trypsinized and replated at 1.7 × 10 5 cells per 6-cm dish (passage 3).
The virus-containing supernatants were filtered through a 0.45-μm cellulose acetate filter (Schleicher & Schuell) and supplemented with 4 mg/ml Polybrene (Nacalai Tesque). To determine the titer of each retroviral vector, we transduced MDFs with each retrovirus or lentivirus vector, extracted genomic DNAs from MDFs 2 days after infection, and quantified copy numbers of retroviral transgenes that were integrated into MDF genome per cell by real-time PCR. Titers for each vector were as follows: pMXs-EGFP, 1.0 × 10 7 IU/ml; pMXs-c-Myc, 1.2 × 10 6 IU/ml; pMXs-Klf4, 2.7 × 10 6 IU/ml; pMXs-Oct3/4, 6.1 × 10 6 IU/ml; pMXs-Sox2, 4.0 × 10 6 IU/ml; pMXs-SOX9, 1.8 × 10 6 IU/ml. MOI for each vector was estimated using these titers. pENTER5′-XEmcs/(Ptight). Human c-MYC and human KLF4 cDNA from pMXs-hc-MYC (Addgene plasmid 17220) and pMXs-hKLF4 (Addgene plasmid 17219) were cloned into pDONR221 (Invitrogen) by BP clonase (Invitrogen) to prepare pDONR221-hc-MYC and pDONR221-h-KLF4, respectively. Human SOX9 cDNA was PCR amplified by using primers NT566 (ATTCAGTCGACATGGGATCCGAGGACTCCGCGGGC) and NT567 (GTGTTTCTAGATCAAGGTCGAGTGAGCTGTGTGTA) and cloned into pENTR-1A (Invitrogen) to prepare pENTR1A-F(-)hSOX9. Lentiviral vector pLe6Δ was prepared by deleting the PGKpromoter-EM7-blastcidin sequence at KpnI sites from pLenti6.4/R4R2/V5-DEST (Invitrogen). pDONR221-hc-MYC, pDONR221-h-KLF4, and pENTR1A-F(-)hSOX9 were recombined with pENTER5′-XEmcs/(Ptight) and pLe6Δ by LR clonase II Plus reaction (Invitrogen) to prepare pLe6Δ-Ptight-hc-MYC, pLe6Δ-PtighthKLF4, and pLe6Δ-Ptight-F(-)hSOX9, respectively. HiPerform lentivirus was prepared according to the manufacturer's instructions (Invitrogen), concentrated by using PEG-it (System Bioscience), and stored at -80°C.
The rtTA2S-M2 sequence was PCR amplified from pTet-On Advanced (BD Biosciences -Clontech), cloned into pENTR-1A (Invitrogen), and recombined with pMXs-gw by LR reaction (Invitrogen) to prepare pMXs-rtTA2-M2.
MDFs were prepared from neonatal Col11a2-Egfp-Ires-Puro transgenic mice. A total of 5 × 10 5 MDFs in a 10-cm dish were transduced with rtTA2-M2 retrovirus overnight. On the next day, the MDFs were transduced with inducible c-MYC, KLF4, and SOX9 lentivirus for 48 hours. The MOI of each virus vector was as follows: pLe6Δ-Ptight-hc-MYC, 2.1; pLe6Δ-Ptight-hKLF4, 2.1; pLe6Δ-Ptight-F(-)hSOX9, 4.2. Medium was replaced with new virus-containing medium every 12 hours. After incubation with virus, MDFs were trypsinized and replated into five 10-cm dishes in fresh DMEM plus 10% FBS medium in the presence of 1 μg/ml dox. Medium was changed every other day. 
Statistics. Data are shown as means and standard deviations. The 2-tailed
